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EVANESCENT SENSOR USING A
HOLLOW-CORE RING MODE WAVEGUIDE

BACKGROUND OF THE INVENTION

1. Field of the Invention

Embodiments of the invention generally relate to an optical
evanescent sensor utilizing a waveguide with an annular core.

2. Description of the Related Art

Various applications utilize optical sensors to measure
parameters such as temperatures, pressures, biological com-
pounds and chemicals in a particular environment. For
example, uses of optical sensors include industrial sensing,
research, medical analysis, and oil/gas recovery operations
such as those occurring in a wellbore. These optical sensors
can provide enhanced sensitivity, geometrical flexibility,
miniaturization, durability in harsh environments with high
temperatures and/or pressures, immunity from electromag-
netic interference and multiplexing capabilities.

Some optical sensors function as evanescent sensors based
on detection of changes in light propagating through an opti-
cal waveguide due to the optical mode penetrating evanes-
cently into a surrounding media sensitive to a parameter being
sensed. Techniques for producing evanescent sensors can rely
on etching or polishing one side of an optical waveguide to
produce a “D” shaped sensing element that brings the propa-
gating mode along an interaction area in close proximity to
the flat side such that a significant evanescent field is pro-
duced. However, long and complicated processes required to
produce these sensing elements make such devices expen-
sive. Further, the polishing or etching techniques used to
produce the sensing element impose practical limits on a
length of the interaction area that can be achieved since, for
example, side-polished fiber portions are generally only a few
millimeters long.

Therefore, there exists a need for an improved evanescent
optical sensor that is easy to manufacture. A further need
exists for a simple, flexible, monolithic, highly sensitive opti-
cal sensor element, which can be coupled to standard single
mode optical fiber.

SUMMARY OF THE INVENTION

Embodiments of the invention generally relate to optical
evanescent sensors utilizing a waveguide with an annular
core. For some embodiments, the annular core provides
detectable sensitivity to a measurand due to optical interac-
tions, that vary in response to changes with the measurand,
with contents along an inside surface of the annular core.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of
the present invention can be understood in detail, a more
particular description of the invention, briefly summarized
above, may be had by reference to embodiments, some of
which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not to
be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

FIG. 1 is a schematic section view of a sensing element,
according to embodiments of the invention, defined by a
hollow-core ring mode waveguide with mirrored end facet
and collapsed end shown spliced to a transmission
waveguide.
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FIG. 2 is cross-section view of the sensing element shown
in FIG. 1 taken across line II-II.

FIG. 3 is a plot of mode field profile and refractive index
profile through the hollow-core ring mode waveguides of the
invention.

FIG. 4 is a schematic section view of a sensing element,
according to embodiments of the invention, defined by a
hollow-core ring mode waveguide with a grating reflector and
collapsed end shown spliced to a transmission waveguide.

FIG. 5 is a schematic section view of a sensing element,
according to embodiments of the invention, defined by a
hollow-core ring mode waveguide with a coated inner sensing
surface and a collapsed end shown spliced to a transmission
waveguide.

FIG. 6 is a schematic section view of a sensing element,
according to embodiments of the invention, defined by a
hollow-core ring mode waveguide with a grating reflector and
two collapsed ends shown spliced within a transmission
waveguide.

FIG. 7 is a schematic sensor system utilizing the sensing
elements, according to embodiments of the invention.

DETAILED DESCRIPTION

Embodiments of the invention generally relate to optical
evanescent sensors utilizing a waveguide with an annular
core. Various applications can utilize these sensors to measure
parameters such as temperatures, pressures, biological com-
pounds and chemicals in a particular environment. For
example, uses of the sensors described herein include indus-
trial sensing, research, medical analysis, and oil/gas recovery
operations such as those occurring in a wellbore. For some
embodiments, the annular core provides detectable sensitiv-
ity to a measurand due to optical interactions, that vary
respectively with changes in the measurand, with contents
along an inside surface of the annular core.

FIG. 1 shows a sensing element 100 for use with appropri-
ate components such as shown in FIG. 7 to enable measuring
of'a parameter or measurand at the sensing element 100. The
sensing element 100 includes a hollow-core ring mode
waveguide section 102 with mirrored end facet 104 and col-
lapsed end section 106 coupled to a transmission waveguide
108. The hollow-core ring mode waveguide section 102 of the
sensing element 100 defines an annular core 114 surrounded
by a cladding 115. An interior volume 118 inside of the
annular core 114 provides sensitivity to a measurand as
described in detail herein. The hollow-core ring mode
waveguide section 102 transitions to the collapsed end sec-
tion 106 in a manner that provides adiabatic mode transfor-
mation to convert with low loss (e.g., 0.3 dB) ring mode(s)
propagating along the annular core 114 to conventional linear
mode(s). A fusion splice 116 coupling the sensing element
100 at the collapsed end section 106 with the transmission
waveguide 108 can thereby be achieved with a standard opti-
cal fiber splicer. The transmission waveguide 108 includes a
cladding portion 110 disposed around a central core 112 such
that the transmission waveguide 108 can define a single-mode
optical pathway for coupling interrogating light in and out of
the sensing element 100.

FIG. 2 illustrates a cross-section view of the sensing ele-
ment 100 taken across line II-1I in FIG. 1. The cladding 115
bounds along the outside of the annular core 114 the optical
field within the annular core 114. Further, contents of the
interior volume 118 bound along the inside surface of the
annular core 114 the optical field such that a significant eva-
nescent field is present in the interior volume 118. For some
embodiments, air/gas/liquid/solid/vacuum fills the interior
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volume 118 such that a “hollow” portion of the hollow-core
ring mode waveguide section 102 may or may not be empty.

FIG. 3 shows a plot of mode field profile 300 and refractive
index (n) profile 301 across a section, such as shown in FIG.
2, of the hollow-core ring mode waveguide section 102. A
core refractive index 314 relatively higher than a cladding
refractive index 315 confines and guides the optical mode
along the annular core 114 as depicted by the mode field
profile 300. Further, the mode field profile 300 illustrates the
evanescent field present within the interior volume 118,
which has a content refractive index 318 that, for some
embodiments, varies as indicated by arrow 319 in response to
changes in the measurand.

The evanescent field present in at least a portion of the
interior volume 118 can allow interaction with at least a
portion of the contents of the interior volume 118 along an
entire length of the hollow-core ring mode waveguide section
102 in order to provide sensitivity to properties of the contents
within the interior volume 118. For example, these properties
dependent on the measurand can include absorption or refrac-
tive index. Changes in such properties as a direct result of the
measurand or otherwise in response to the measurand affect
the wave-guiding properties, such as loss, through the annular
core 114. Detection of these affects with signal processing
equipment 706 (shown in FIG. 7) optically coupled to the
transmission waveguide 108 provides an indicative assess-
ment of the measurand. For example, changes in the refractive
index of contents within the interior volume 118 can either
maintain the light propagating in the annular core 114 or
cause the light to leave the annular core 114 as a result of the
difference in refractive indices between the annular core 114
and the contents of the interior volume 118. As a result,
measuring attenuation of a response signal corresponds to the
refractive index of contents within the interior volume 118
and thereby enables measurement of the parameter that
caused the change in refractive index of the contents within
the interior volume 118.

The sensing element 100 can be formed by any suitable
methods. For example, production of the sensing element 100
can be based on conventional silica fiber manufacturing tech-
niques and include fabrication of a preform and then drawing
of the preform to provide a hollow optical waveguide. In
practice, a doped core layer can be deposited inside a fused
quartz substrate tube to provide the preform. Partial collapse
of'the preform occurs during waveguide drawing while main-
taining a central air hole intact along the axial direction.
Control over temperature, drawing tension, and/or positive
pressure along the air hole can provide manipulation of both
the hole diameter across the interior volume 118 and the
thickness of the annular core 114, which may be selected to
improve optical characteristics and/or tailor these character-
istics based on the measurand, environment, sensor configu-
ration, and application to achieve greater detectable changes.
The hollow optical waveguide once produced can be locally
heated to collapse in a tapered manner the hollow optical
waveguide to form a solid core and thereby at least substan-
tially match the transmission waveguide 108 at the collapsed
end section 106.

In use as a sensor, the sensing element 100 couples to the
transmission waveguide 108, which couples light from a
source 701 (shown in FIG. 7) into and out of the sensing
element 100. The mirrored end facet 104 can include a coat-
ing of a metal or thin-film mirror that reflects the propagating
optical mode. This reflected light provides a signal from the
sensing element 100 that is detected by the signal processing
equipment 706 (shown in FIG. 7). Termination of the hollow-
core ring mode waveguide section 102 at the mirrored end
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facet 104 leaves the interior volume 118 open at this termi-
nation exposing the inside surface of the entire length of the
annular core 114 to an environment being monitored.

Attenuation of the signal occurs due to absorption or cou-
pling to other modes, which can be lossy. The contents of the
interior volume 118, as provided from the environment, affect
this signal attenuation based on the measurand. According to
some embodiments, the measurand can be any physical/
chemical quantity whose varying presence within the envi-
ronment and hence the interior volume 118 corresponds to a
change in, for example, refractive index of at least part of the
interior volume 118. The level of attenuation correlates to the
presence of the measurand and thus enables monitoring of the
measurand.

FIG. 4 illustrates a sensing element 400 defined by a hol-
low-core ring mode waveguide section 402 with a grating 413
and collapsed end section 406. The collapsed end section 406
enables optically coupling of the sensing element 400 to a
network optical waveguide 408 having a cladding portion 410
around a central core 412. An annular core 414 of the sensing
element 400 includes the grating 413, such as a short-period
Bragg grating or a long-period Bragg grating (LPBG), written
into the annular core 414. Some embodiments include an
optional mirror coating 404 that is not required if the grating
413 is reflective. In embodiments where the grating 413 is the
LPBG, the mirror coating 404 allows use of transmissive
coupling of the grating 413 in a double-pass configuration.

The measurand can be any physical/chemical quantity
whose varying presence in the interior volume 418 corre-
sponds to a change in refractive index of contents within the
interior volume 418. Based on the measurand, the contents of
the interior volume 418 affect the wavelength of a feature
such as a reflection peak or transmission trough in the optical
spectrum of the grating 413, which is dependent on the refrac-
tive index. This wavelength change in returning signals can be
monitored for assessing the measurand.

Termination of the hollow-core ring mode waveguide sec-
tion 402 leaves the interior volume 418 open at this termina-
tion exposing the inside surface of the entire length of the
annular core 414 to an environment being monitored. In
embodiments where the grating 413 is the Bragg grating, a
Bragg wavelength or peak wavelength of the reflected spec-
trum from the sensing element 400 shifts as the index of
refraction of the contents within the interior volume 418 is
changed around the annular core 414. As the surrounding
refractive index of the contents within the interior volume 418
is increased and approaches the refractive index of the annu-
lar core 414, the Bragg wavelength increases with the rate of
increase, which defines sensitivity, also intensifying. Signal
processing equipment can detect this change in the Bragg
wavelength thereby providing an assessment of the measur-
and.

As an exemplary application for the sensing element 400,
the contents of the interior volume 418 may contain glucose
that can provide an index of refraction change of 2.5x107> per
milli-Molar change in concentration of glucose correspond-
ing to a detectable change (e.g., 35 picometer) in Bragg
wavelength. Similarly, the LPBG used as the grating 413 can
produce resonance shifts of transmission troughs in response
to changes in sugar concentration. Other calibrations between
refractive index changes and other chemical/biochemical
concentrations can be made for applications with different
measurands.

Configuration of the hollow-core ring mode waveguide
section 402 exposes the inside surfaces of the annular core
414 such that polishing or etching is not required to remove
any cladding layers. However, etching some of the annular
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core 414 can increase sensitivity. This increase in sensitivity
can result from larger shifts being produced by the grating
413 disposed in the annular core 414.

FIG. 5 shows a sensing element 500 with a responsive layer
of material or coating 513 disposed along an inner sensing
surface of an annular core 514. The sensing element 500
represents any of the sensing elements having different
aspects as described herein with the coating 513 mediating or
assisting the sensing process as the evanescent field pen-
etrates the coating 513. As a typical generic basis, a reflective
member 504 returns a response signal generated in a hollow-
core ring mode waveguide section 502 toward a collapsed end
section 506 coupled to a network optical waveguide 508
having a cladding portion 510 around a central core 512.

The coating 513 provides sensitivity to certain desired
measurands (e.g., hydrogen, magnetic fields, electric fields,
humidity, other chemicals, temperature and/or photonics).
For some embodiments, the coating 513 changes its refractive
index in response to the measurand. The change in the refrac-
tive index of the coating 513 can occur with changes in
temperature, application of an electric field, an infusion of a
chemical compound, changes in pressure and/or any other
change in environmental conditions in relation to the measur-
and of interest. Changes in the refractive index of the coating
513 affect the propagation of the light within the sensor 500.

The refractive index of the coating 513 can change with
temperature for the most part proportionally with changes in
the density of the coating 513 caused by an increase in volume
of'a polymer making up the coating 513. The refractive index
increases due to a decrease in volume as the coating 513
cools, and the refractive index decreases due to an increase in
volume as the coating 513 heats up. The change in refractive
index of the coating 513 based on changes in temperature can
be used in two ways. The coating 513 may have a refractive
index slightly higher than a cladding 515 at room temperature
(approximately 24° C.) such that the coating 513 acts as a
mode stripper at room temperature and effectively strips light
from the sensor 500. As the temperature increases and the
refractive index of the coating 513 decreases to the refractive
index of the cladding 515, the coating 513 acts as cladding
and reflects the light into the sensor 500. Examples of poly-
mers with this refractive index characteristic that can be used
as the coating 513 include copolymers of polydimethyl-
diphenysiloxane. Alternatively, the polymer coating 513 may
be made from a polymer having a lower refractive index than
the refractive index of the cladding 515 at room temperature.
Thus, the light transmits through the sensor 500 at room
temperature but not at lower temperatures. Polymers meeting
these criteria for refractive index include polydimethylsilox-
ane and highly fluorinated hydrocarbons such as polyperfluo-
rocyclohexylacrylate. Thus, measuring the changes in total
optical light output or intensity that is either transmitted
directly through the sensor 500 or reflected back provides a
quantitative and qualitative indication of the temperature of
the coating 513 and hence the temperature of the environment
surrounding the coating 513.

The previous two examples provided illustrate the use of
particular polymers as the coating 513 to enable the determi-
nation of an increase or decrease in temperature from a given
temperature such as room temperature. As a further example,
the coating 513 can include a thin solid film of polyvinyl
alcohol (PVA), which has varying absorption with humidity.
The coating 513 thus selected provides a higher refractive
index than the annular core 514 when dry such that optical
modes in essence propagate through a region with a lossy
cladding. However, exposing the coating 513 to water or
humidity causes the PVA to swell due to hydrogen bond
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formation with water thereby reducing the refractive index.
This reduction in refractive index reduces the evanescent field
penetration inducing attenuation that can be detected and
correlated to the humidity.

For pH measurements with the sensor 500, the coating 513
can include a sol-gel material doped with an optical indicator
such that the coating 513 has a varying attenuation with pH. A
preparation utilizing tetraethyl orthosilicate (TEOS) doped
with eriochrome cyanine R can provide an exemplary basis
forthe coating 513 according to such an embodiment. Attenu-
ation can be detected and correlated to the pH.

FIG. 6 illustrates a sensing element 600 defined by a hol-
low-core ring mode waveguide section 602 having an interior
volume 618 that is sealed. While the interior volume 618 is
shown sealed due to first and second collapsed end sections
606, 607, other closing structures or caps can replace one of
the collapsed end sections 606, 607 if not desired to configure
the sensing element 600 as a pass-through sensor, which
enables multiple sensing elements to be cascaded. In practice,
any of the embodiments described herein can operate with the
interior volume sealed thereby permanently trapping any
contents in the interior volume if the environmental property
to be studied does not require direct contact with the annular
core. During operation, a Bragg grating 613 returns a
response signal generated in a hollow-core ring mode
waveguide section 602 towards a first waveguide 608 coupled
to the first collapsed end 606 while a portion of the incoming
light can pass through to a second waveguide 609 for inter-
rogation by other sensing elements.

Temperature represents one measurand that does not
require direct contact with the annular core 614. As previ-
ously discussed, a coating along the inside surface of the
annular core 614 can make the sensor 600 responsive to
temperature changes in the environment that the sensing ele-
ment 600 is disposed in even though the interior volume 618
is sealed. Furthermore, the interior volume 618 can contain
oil with temperature varying refractive indices. The oil sealed
inside of the interior volume 618 and in contact with the
inside of the annular core 614 couples light out of the guided
mode to selectively cause attenuation based on the tempera-
ture of the oil. The temperature of the oil assumes the tem-
perature of the environment around the sensing element 600
enabling temperature sensing by measuring the attenuation.

FIG. 7 shows an exemplary sensor system 700 utilizing the
sensing element 100 within an optical network. The system
700 includes the source 701, the processing equipment 706,
the transmission waveguide 108, the sensing element 100,
and one or more circulators 702,703, 704 or splitters. Further,
the system 700 can include an additional sensing element
1100, such as those described herein, and any number of
further sensing elements. The additional sensing element
1100 connects to an additional transmission waveguide 1108
that integrates the sensing element 1100 into the network. In
operation, the circulators 702, 703, 704 direct the light from
the source 701 to the sensing elements 100, 1100 and the
return signals from the sensing elements 100, 1100 to the
processing equipment 706 for detection and/or analysis based
on the description heretofore.

While the foregoing is directed to embodiments of the
present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereof, and the scope thereof is determined by the
claims that follow.

What is claimed is:
1. An optical sensor element for measuring a parameter,
comprising:
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a hollow-core ring mode waveguide section having an
annular core with an inner surface defining an interior
volume, wherein the hollow-core ring mode waveguide
section has a mirrored end facet, and wherein at least
part of the inner surface forms a parameter sensitive
optical interaction area; and

a collapsed end section that transitions from the hollow-
core ring mode waveguide section, wherein the col-
lapsed end section includes a solid central core.

2. The optical sensor element of claim 1, further compris-
ing a coating disposed on the inner surface of the annular core,
wherein the coating is responsive to the parameter.

3. The optical sensor element of claim 1, further compris-
ing a coating disposed on the inner surface of the annular core,
wherein the coating changes refractive index in response to
variance in the parameter.

4. The optical sensor element of claim 1, further compris-
ing a substance sealed within the interior volume and in
contact with the parameter sensitive optical interaction area,
wherein the substance is responsive to the parameter.

5. The optical sensor element of claim 1, wherein the
interior volume is open to an environment of the parameter.

6. The optical sensor element of claim 1, wherein an eva-
nescent field is present in the interior volume to interact
optically with substances in the interior volume and affect a
response signal based on the parameter.

7. The optical sensor element of claim 1, wherein at least
one of air, gas, liquid, solid, and a vacuum fills the interior
volume.

8. A system for measuring a parameter, comprising:

a light source;

an optical waveguide coupled to the light source, wherein
the optical waveguide includes a solid central core;

asensor element coupled to the optical waveguide, wherein
the sensor element includes a hollow-core ring mode
waveguide section and a collapsed end section that tran-
sitions from the hollow-core ring mode waveguide sec-
tion to at least substantially match the optical
waveguide, the hollow-core ring mode waveguide hav-
ing an annular core with an inner surface defining an
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interior volume, and wherein the interior volume
includes an evanescent field sensitive to a parameter; and

signal processing equipment configured to detect a

response signal from the-sensor element and to assess
the parameter based on variations in the response signal-
due to the evanescent field.

9. The system of claim 8, wherein the signal processing
equipment further measures attenuation of the response sig-
nal in order to assess the parameter.

10. The system of claim 8, wherein the sensor element
includes a grating disposed in the annular core of the hollow-
core ring mode waveguide section, and the signal processing
equipment further measures a grating reflection wavelength
shift within the response signal in order to assess a parameter.

11. The system of claim 8, wherein the sensor element
includes a Bragg grating disposed in the annular core of the
hollow-core ring mode waveguide section, and the signal
processing equipment further measures a Bragg wavelength
shift within the response signal in order to assess a parameter.

12. The system of claim 8, wherein the sensor element
includes a coating disposed on the inner surface, wherein the
coating is responsive to a parameter.

13. The optical sensor element of claim 1, further compris-
ing a grating disposed on the inner surface, wherein the grat-
ing reflection wavelength is responsive to the parameter.

14. The optical sensor element of claim 1, further compris-
ing an optical waveguide coupled to the collapsed end sec-
tion.

15. The system of claim 8, wherein at least part of the inner
surface forms an optical interaction area sensitive to a param-
eter.

16. The system of claim 8, wherein the sensor element
further comprises a substance sealed within the interior vol-
ume and in contact with the inner surface of the annular core,
wherein the substance is responsive to the parameter.

17. The optical sensor element of claim 8, further compris-
ing an additional collapsed end section also transitioning to
the hollow-core ring mode waveguide section with an addi-
tional waveguide spliced to the additional collapsed end sec-
tion.



